Microbial electrosynthesis is an emerging technology with the potential to simultaneously store 11 renewably generated energy, fix carbon dioxide, and produce high-value organic compounds. 12 However, limited understanding of the route of electrons into the cell remains an obstacle to 13 developing a robust microbial electrosynthesis platform. To address this challenge, we 14 engineered an inward electron transfer pathway in Shewanella oneidensis MR-1. The pathway 15 uses native Mtr proteins to transfer electrons from an electrode to the inner membrane quinone 16 pool. Subsequently, electrons are transferred from quinones to NAD + by native NADH 17 dehydrogenases. This reverse functioning of NADH dehydrogenases is thermodynamically 18 unfavorable, therefore we have added a light-driven proton pump (proteorhodopsin) to generate 19 proton-motive force to drive this activity. Finally, we use reduction of acetoin to 2,3-butanediol 20 via a heterologous butanediol dehydrogenase (Bdh) as an electron sink. Bdh is an NADH-21 dependent enzyme, therefore, observation of acetoin reduction supports our hypothesis that 22 cathodic electrons are transferred to intracellular NAD + . Multiple lines of evidence indicate 23 proper functioning of the engineered electrosynthesis system: electron flux from the cathode is 24 influenced by both light and acetoin availability; and 2,3-butanediol production is highest when 25 both light and a poised electrode are present. Using a hydrogenase-deficient S. oneidensis 26 background strain resulted in a stronger correlation between electron transfer and 2,3-butanediol 27
cofactor, all-trans-retinal. We refer to PR with retinal as holo-PR and PR without retinal as apo-143 PR. Cathodic current was significantly higher, (p=0.03) in systems with holo-PR (Figure 3) . We 144 confirmed that the increased current was due to PR activity by turning off the LED lights 145 attached to the bioreactor. When the lights were turned off, cathodic current generated by cells 146 with holo-PR decreased, while cells with apo-PR were unaffected (Figure 3) . This supports the 147 model that the effect of light is dependent on functional PR; if the effect of light was due to 148 heating or interaction of light with native components, we would expect cells with apo-PR to 149 have a similar response to cells with holo-PR. The dependence of current on holo-PR and light 150 supports our hypothesis that enhanced PMF generation by PR promotes electron uptake by the 151 modified strain. 152 During the same experiment, we also measured 2,3-butanediol accumulation to determine 153 whether cathodic electrons were directed toward the target reaction, acetoin reduction. As with 154 current, 2,3-butanediol accumulation was greater in the bioelectrochemical systems with holo-PR 155 (Figure 4) . Based on the total charge transfer over the course of 6 days, accumulation of 0.17 ± 156 0.02 mM 2,3-butanediol was expected by the end of the experiment. Accumulation of 0.19 ± NADH needed for acetoin reduction. Although we attempted to remove as much organic carbon 166 from the experiment as possible, some cells may have lysed during the washing and inoculation 167 process, thus providing organics to the surviving cells.
168
To determine whether acetoin reduction (as an electron sink) was necessary for inward 169 electron transfer, we also performed experiments with strains lacking bdh. When Bdh was not 170 expressed, no 2,3-butanediol was detectable in the bioreactors after 6 days, and cathodic current 171 was significantly reduced, (p=0.02). The strain without Bdh generated ca. -11 µA when holo-PR 172 was present (Figure 5) , representing a ca. 32% reduction in electron transfer compared to the 173 strain with Bdh. This indicates that full activity of the inward electron transfer system is 174 dependent on acetoin reduction, although there is also some Bdh-independent electron transfer.
175
This experiment also allows us to refine our comparisons between charge transfer and 2,3-176 butanediol accumulation. By subtracting the total charge transfer catalyzed by the strain without 177 Bdh from the strain with Bdh, we can calculate the amount of charge transfer that is Bdh-178 dependent. We calculate that 0.03 mM of 2,3-butanediol accumulation is expected based on the 179 amount of Bdh-dependent electron transfer. This amount of charge transfer agrees well with the 180 0.06 mM of electrode-dependent 2,3-butanediol accumulation that we observed.
181
Electron uptake by the strain without Bdh was light-dependent when holo-PR was 182 present, indicating that the Bdh-independent process requires PMF generation. This may indicate 183 that the Bdh-independent process also relies on reverse activity of NADH dehydrogenases, 184 although we do not yet know the eventual fate of electrons transferred to the cells without Bdh.
185
No other typical metabolic byproducts of S. oneidensis MR-1 (e.g., acetate, formate) were 186 detectable by our HPLC analysis. electron transfer, because it can be produced abiotically at the cathode (37). Because small 191 amounts of hydrogen are difficult to measure and may be scavenged quickly by cells on the 192 electrode, it has been challenging to rule out hydrogen as a mediator. We have attempted to do so 193 using an approach similar to Deutzmann et al. (38), i.e., by using a hydrogenase mutant strain.
194
The strain we used does not have the ability to use molecular hydrogen as an electron source or 195 sink (35, 36, 39) . To determine whether a hydrogen mediated pathway would function when 196 hydrogenases were present, we also performed the experiments described above in a wild-type 197 background. (Note: these experiments were performed without the initial oxic/anodic step, see 198 Methods for details.) When hydrogenase activity was present, overall current increased while 199 2,3-butanediol accumulation decreased (Figure 6 ). This indicates that rather than acting as a 200 mediator, H2 was an electron sink for S. oneidensis on the cathode. If hydrogen acted as a 201 mediator in this system, we would expect a simultaneous increase in both current and 2,3-202 butanediol when hydrogenases were present. Our results indicate that cells with hydrogenases 203 generated H2 and that when the pathway to hydrogen was cut off, electrons were directed more 204 efficiently toward acetoin reduction. Our results represent an advance in the field of microbial electrosynthesis because we have 208 engineered a pathway to generate intracellular reducing power with a detailed understanding of 209 the electron transfer mechanism. The transmembrane electron conduit connecting the quinol pool 210 to electrodes has been very well characterized (21-23, 28, 40) and is known to be reversible (29,
Verifying expression by Western blot 281
Expression of Bdh and PR were verified via Western blot through use of FLAG tags added 282 during gene synthesis. Cells were cultured in 5 mL of LB for 16 hours before 200 µL was 283 centrifuged for 2 minutes at 10,000 rpm. Supernatant was removed, and cells were resuspended 
290
Samples were run at 100 V for 1.5 hours until dye front moved off the gel. The gel 291 cassette was broken, and gel removed to 1X Transfer buffer (Biorad, 10026938). Proteins were 292 then transferred to a nitrocellulose membrane (Biorad, 1704270) using a Biorad Turbo transfer 293 system (Biorad, 1704150). The membrane was rinsed with 30 mL TBST buffer, this buffer was 294 discarded, and the membrane was blocked using 50 mL of 3% BSA TBST buffer for 1 hour on 295 an orbital shaker. Blocking solution was discarded and replaced with 30 mL of 3% BSA TBST 296 buffer then 7.8 µL of 3.85 mg/mL anti-FLAG antibody (Sigma-Aldrich, F3165) was added. The 297 membrane was then incubated for 16 hours at 4°C, on an orbital shaker.
298
The membrane was then rinsed for 5 minutes with TBST buffer three times. After rinsing 299 30 mL of 3% BSA TBST buffer with 0.0625 µL of anti-mouse antibody (Sigma-Aldrich, A9044) 300 was added. The membrane was incubated for 1 hour at RT. Buffer was discarded and the 301 membrane rinsed with TBST buffer for 5 minutes, three times. ECL Clarity chemiluminescence enhancer solution, then adding the entire volume to the membrane. The membrane was incubated 304 for 5 minutes, the ECL solution was discarded and the membrane was imaged using a Kodak 305 4000R image station and Caresteam Molecular Imaging software. solution (Fluka) in Milli-Q water and degassing the solution at 37°C for 3-5 days before use. maintained at 60°C. Samples were prepared by centrifuging 1-mL samples taken from the 375 working electrode chambers for 10 minutes at 13,000 rpm in a microcentrifuge (Minispin Plus, 
